Introduction
[2] A long-standing question concerns the origin of the $1700 km belt of volcanism in the eastern North Atlantic located off the coast of Iberia and western Africa between 23°and 38°N (Figure 1 )[see Schmincke, 1982] . The belt consists of three island groups (Canary, Selvagen, and Madeira Archipelagoes) and more than 20 large seamounts. Global seismic tomographic studies provide evidence for large-scale upwelling from depths of >500 km beneath the region [Zhang and Tanimoto, 1992; Hoernle et al., 1995] , supporting a mantle plume origin as previously suggested [e.g., Morgan, 1972; Holik and Rabinowitz, 1991; Hoernle et al., 1991; Hoernle and Schmincke, 1993a, b] .
[3] The Madeira Archipelago (Figure 2 ) is located near the southwestern termination of a broad alignment of scattered seamounts and volcanic ridges extending from the Iberian shelf almost 900 km to the southwest (Figure 1 ). On the basis of its spatial orientation, it has been proposed that this belt of volcanoes could represent a hotspot track [Morgan, 1981] . Morgan proposes that the trace of this hotspot extends into the Mesozoic, at which time the hotspot was located between Labrador and Greenland. The entire belt can be divided into a western complex of seamounts on the NE-SW trending Madeira-Tore Rise and an eastern chain of large, isolated seamounts forming a slightly curved track toward Madeira Island, which we will henceforth refer to as the Madeira volcanic chain. Gravimetric studies of Josephine Seamount, located at the northern end of the Madeira-Tore rise, have shown that this seamount is in isostatic equilibrium with the underlying oceanic crust, leading to the interpretation that the entire rise structure originated on young lithosphere adjacent to the MidAtlantic Ridge [Peirce and Barton, 1991] . The eastern chain of isolated volcanoes includes Madeira with the small Desertas Islands, Porto Santo, Seine Seamount, possibly Unicorn Seamount, Ampère Seamount, Coral Patch Seamount, and Ormonde Seamount/Gorringe Bank.
[4] We have undertaken volcanological, geochronological, and geochemical studies on the Madeira Island group and associated seamounts in order to elucidate the origin of the volcanism in the eastern North Atlantic and to constrain the magmatic evolution of the Madeira/Desertas volcanic system. In this study we summarize the results of field studies and present 40 Ar/ 39 Ar age data from volcanic rocks from the Madeira Island group and Ampère Seamount. The results of geochemical studies will be presented elsewhere (J. Geldmacher and K. Hoernle, manuscript in preparation, 2000) .
Geological Setting of Islands and Seamounts in the Madeira Chain

Madeira and Desertas Islands
[5] The Madeira Archipelago consists of five principal islands: the main island of Madeira (728 km 2 ), the three narrow Desertas Islands (15 km 2 ) extending more than 60 km SSE of the eastern end of Madeira, and Porto Santo Island (69 km 2 ) 45 km to the northeast of Madeira (Figure 2 ). The archipelago is located on 140 Myr old oceanic crust [Pitman and Talwani, 1972] and rises from more than 4000 m water depths up to 1862 m above sea level (summit of Pico Ruivo). Previous geological studies [Carvalho and Brandão, 1991] , geological mapping [Zbyszewski et al., 1973 [Zbyszewski et al., , 1975 , and palaeontological work (summarized by MitchelThomé [1976] ) have outlined a long and complex volcanic history.
[6] Using lithostratigraphic criteria, the geology of Madeira can be divided into four units: Figure 2 . Bathymetric map of the Madeira Archipelago. Source: TOPEX [Smith and Sandwell, 1997] . At the eastern tip of Madeira, the E-W oriented Madeira Rift forms an angle of 110°with the narrower NNW-SSE oriented Desertas rift arm. The directions of major dike swarms are shown schematically, as is the location of a postulated sector collapse fan. The seamount SW of Madeira extends to a height of 500 m below sea level and may represent the present location of the Madeira hotspot. [Smith and Sandwell, 1997] . AzoresGibraltar Fracture Zone after Verhbitsky and Zolotarev [1989] . Proposed Madeira hotspot track shown as thin dotted line (oldest available radiometric ages for each volcano are given in Ma; see text for details).
[7] 1. The first is the submarine shield, about which little is known.
[8] 2. The late Miocene to Pliocene basal unit consists primarily of volcanic breccias and pyroclastic deposits with minor lava flows (unit b1 of Zbyszewski et al. [1975] ). Locally, this unit is extensively cut by dikes which approach dike swarms in some regions, in particular in the central part of the island.
[9] 3. The middle unit is composed primarily of Pliocene to Pleistocene alkalic basalt lava flows (units b 2-4 of Zbyszewski et al. [1975] ). This unit covers most of the island (Figure 3 ) and forms lava sequences >500 m in thickness locally cut by dike swarms.
[10] 4. The upper unit consists of scoria cones and intracanyon flows, which were for the most part erupted after considerable erosion of the island.
[11] Published radiometric age data focus on the younger volcanic rocks yielding K/Ar ages ranging from 0.7 to 3 Ma [Watkins and Abdel-Monem, 1971; Ferreira et al., 1975; Féraud et al., 1981; Mata et al., 1995] except for two from lava flows with ages of 3.9 Ma and 4.4 Ma (average of duplicate analyses from Mata et al. [1995] ). Ages and stratigraphic relationships of the oldest rocks (>3 Ma) are poorly understood. No age or compositional data have been published from the Desertas Islands.
[12] Both Madeira and the Desertas are characterized in their central regions by swarms of steeply dipping, partly sheeted dikes, normal faults and graben structures, and abundant cinder cones stacked one on another. These features are parallel to the long axes of Madeira (E -W) and the Desertas Islands (NNW-SSE) ( Figure 2 ) and are thus characteristic of volcanic rift zones, along which the islands preferably grew by intrusion and extrusion as has been described for rift zones in the Hawaiian and Canary Islands [e.g., Walker, 1987; Carracedo, 1994] . As seen on a bathymetric map (Figure 2 ), the Desertas rift builds a 60 km long submarine ridge, rising from more than 4000 m water depths. The Madeira and Desertas rifts form an angle of $110°and intersect near the eastern tip of Madeira (São Lourenço peninsula). In summary, we consider the Madeira and Desertas ridges to form a single volcanic complex, consisting of an E-W oriented Madeira rift arm and a NNW-SSE oriented Desertas rift arm.
Porto Santo
[13] Porto Santo is located 45 km to the northeast of Madeira; the two islands are separated by water depths of $2000 m. Porto Santo is lower in elevation (with its highest peak at 517 m) and more uniform in relief compared to Madeira. A large basaltic to trachytic, mainly submarine, clastic cone makes up the core of the NE part of the island (seamount stage) [Schmincke and Staudigel, 1976; R. Schmidt et al., manuscript in preparation, 2000] . Intercalated with the volcanic rocks are shallow water carbonates. The cone is dissected by voluminous trachytic and basaltic intrusions. A thick pile of submarine to subaerial alkali basaltic to hawaiitic lava flows and associated pillows forms the western part of the island. All units are cut by minor trachytic and basaltic intrusions and dikes, which form most hill tops and ridge crests on the island. Dikes show a preferred NE-SW orientation in the western part of the island and a more radial arrangement in the east [Ferreira and Cotelo Neiva, 1997] . Published K/Ar ages of Porto Santo range from 12.3 to 13.1 Ma [Féraud et al., 1981] .
2.3. Seine, Unicorn, Ampè re, and Coral Patch Seamounts [14] Seine Seamount is located $200 km NE of Porto Santo, rising from more than 4000 m to less than 200 m water depths. This round seamount has steep sides and a flat top characteristic of a guyot. Unicorn Seamount lies $100 km due north of Seine Seamount. Ampère and Coral Patch Seamounts are located $190 km NE of Seine Seamount. Bathymetric data show that the shape of Ampère Seamount is also similar to a guyot with a summit that extends to 59 m below sea level [Litvin et al., 1982; Marova and Yevsyukov, 1987] . Alkaline nepheline basaltoids have been described from two short drill holes on the top of the seamount [Matveyenkov et al., 1994] . The neighboring Coral Patch Seamount forms an elongated E-W oriented structure rising up to 900 m below sea level.
Ormonde Seamount
[15] The 250 km long Gorringe Bank, which lies along the Azores-Gibraltar fracture zone (the Eurasia-African Plate boundary), is dominated by two summits, the Gettysburg (west) and Ormonde (east) Seamounts, which almost reach sea level. Except for the Ormonde summit, the rest of Gorringe Bank consists primarily of altered tholeiitic basalt and serpentinized peridotite [Auzende et 1978; Cyagor II Group, 1984; Matveyenkov et al., 1994] and is considered to be a fragment of oceanic lithosphere of Early Cretaceous age [Féraud et al., 1986] uplifted and slightly tilted along the AzoresGibraltar fracture zone [Auzende et al., 1978] . In contrast, the younger volcanic rocks on top of Ormonde Seamount comprise a wide range of alkaline rocks, including alkali basalts, nephelinites, and phonolites [Cornen, 1982] . The 40 Ar/ 39 Ar age dating of Ormonde alkaline volcanic rocks yielded ages between 65 and 67 Ma [Féraud et al., 1982 [Féraud et al., , 1986 .
Sample Description and Analytical Procedures
[16] Samples from the Madeira archipelago (locations shown in Figure 3 ) were collected from all stratigraphic units (brief description and sampling sites are given in Table 1) . From Madeira Island, Figure 3 . Geological map of Madeira, Desertas, and Porto Santo based on Zbyszewski et al. [1975] and Ferreira and Cotelo Neiva [1997] . White circles mark sampling sites for age determination.Numbers are in million years. Superscript numbers identify K/Ar dates from (1) Watkins and Abdel-Monem [1971] , (2) Féraud et al. [1981] , and (3) Mata et al. [1995] . From Mata et al. [1995] , averages of replicate analyses are shown when replicates are within 2s error of each other. If not, the age with smallest error is used. Black triangles in the lower right-hand corner of boxes around the ages mark samples from dikes. Numbers with one asterisk are from 14 C radiocarbon ages of charcoal from this study and (with two asterisks) Schmincke [1998] . All other numbers without superscript indicators are 40 Ar/ 39 Ar age determinations from this study. [Duffield and Dalrymple, 1990] were secured together, sealed in an aluminum can, and irradiated with 1 mm Cd shielding at the Geesthacht Research Center (Germany). J values and associated errors were interpolated for each sample position using a three-dimensional least squares cosine plane fit. The 40 Ar/ 39 Ar laser total fusion analyses were conducted at the Geomar Geochronology Laboratory using a 25 W Spectra Physics argon ion laser and a MAP 216 series mass Ar ratio of 295.5. Isochrons have been calculated as inverse isochrons using York's [1969] least squares fit that accommodates errors in both ratios and correlation of errors. Mean squared weighted deviates (MSWD) were determined for the mean apparent ages and isochron ages in order to test the scatter of the single fusion data [Wendt and Carl, 1991] . If the scatter was greater than predicted from the analytical uncertainties (MSWD > 1), the analytical error has been expanded by multiplying by the square root of the MSWD [York, 1969] . Errors are quoted at the 2s level. Mean apparent ages, isochron ages, and mean square weighted deviates are reported in Table 1 . Because of the reasonably good control of the initial 40 Ar/ 36 Ar ratios in isotope correlation diagrams (see Figures 6, 7, and 8), inherited or excess 40 Ar can be ruled out for samples within 2s error from the accepted initial value of 295.5 or slightly lower. If the isotope correlation gives atmospheric initial Ar isotope ratios (within error), a relatively inaccurate determination of the initial ratio for the isochron age would tend to adulterate rather than to improve the absolute age. Therefore, except for sample K 48, the mean apparent age is accepted instead of the isochron age to represent the age of crystallization. Because sample K 48 has an elevated initial 40 Ar/ 36 Ar ratio (outside of 2s error from the accepted value), the isochron age is accepted for this sample instead of the apparent age.
[19] Two samples of charcoal, at the base of a pyroclastic fallout deposit on top of Paul da Serra plateau on Madeira, were selected for radiocarbon dating (Table 4) . Samples were leached in 1% HCL, 1% NaOH, and again with 1% HCL at 60°C. The graphitisized samples were analyzed for 14 C ratios with an accelerator mass spectrometer (AMS) at the Leibniz Laboratory at Christian Albrechts University in Kiel. The measured 14 C ratios are corrected for mass fractionation and converted into calibrated age after Stuiver and Reimerm [1993] .
Results
Madeira
[20] The oldest dated rocks on Madeira occur in the vicinity of Porto da Cruz (NE Madeira, Figure 3 ). Fresh glass rims of tholeiitic dikes, cross-cutting volcanic breccia and pyroclastic rocks, gave 40 Ar/ an age of 3.42 ± 0.10 Ma, was taken from a lava flow at Machico near the easternmost tip of Madeira, where Madeira joins the Desertas submarine ridge (see Figure 2 ).
[21] Samples from the middle unit range in age from 1.0 to 2.8 Ma. At Paul da Serra (Figure 5 ), the middle unit fills in a paleocanyon in the basal unit, reaching a thickness of up to 500 m. Plagioclase crystals (MA 44) from a pumice layer, just above [22] The upper unit on Madeira consists of numerous cinder cones and intracanyon lava flows, for example, at Porto do Moniz, Seixal, and São Vicente (Figure 3) . Sample MA 85 from the pahoehoe lava sequence at São Vicente, which originates from the top of Paul da Serra, yields a young age of 0.18 ± 0.08 Ma. Two charcoal samples were collected beneath a tephra layer on top of Paul da Serra. The samples have calibrated 14 
Desertas Islands (Ilhé u Chão, Deserta
Grande, and Ilhé u do Bugio)
[23] All nine rocks dated from the Desertas Islands fall within a narrow range of 3.2-3.6 Ma ( Figure  3) . A profile through the entire stratigraphic column exposed on Deserta Grande is shown in Figure 4 . The oldest ages come from the lava flows at the base of the lava succession on Deserta Grande and Ilhéu Chão with 3.62 ± 0.14 (K 31), 3.48 ± 0.18 Ma (DGR 2), and 3.62 ± 0.24 (K 22), respectively. Samples from a lava flow (DGR 47) and from an amphibole megacryst in a scoria cone from the top of Deserta Grande yielded identical ages within error of 3.38 ± 0.12 and 3.36 ± 0.12, respectively. A young dike (DGR 9) that cuts the entire lava pile gives a similar age of 3.25 ± 0.08 Ma. A basaltic beach cobble from the western Figure 7 . Isotope correlation diagrams for Ar isotope compositions of fused plagioclase phenocryst and whole rock samples from Porto Santo. 1999GC000018 shore of Ilhéu do Bugio produced an age of 3.35 ± 0.06 Ma (K 11); dikes from the same island which cut the entire lava sequence give ages of 3.35 ± 0.06 and 3.36 ± 0.2 Ma (K5, K15), within error of the youngest units from Deserta Grande.
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Porto Santo
[24] Samples from Porto Santo have older ages (11.1-14.3 Ma) than found on Madeira or the Desertas Islands (Table 3 , Figure 3 ). The investigated samples cover the entire stratigraphic succession of the island: clastic seamount stage in the NE, alkali basaltic lava sequence in the SW, and dikes and minor trachytic and basaltic intrusions which cut both units. The oldest age (14.31 ± 0.22 Ma) comes from a benmoreitic dike (K 49) associated with a trachytic intrusion belonging to the seamount stage in the northwest part of the island. Sample K 55 from a submarine lava flow with an age of 13.85 ± 0.34 Ma comes from the base of the basaltic to hawaiitic sequence of lava flows at the southwestern end of the island. Dikes and intrusions of both mafic and evolved composition (K 38, K 42, K 47, K 67a, K 68) from the NE and SW of the island yield ages between 12.5 and 13.2 Ma (see Table 3 ). The youngest age from Porto Santo (11.07 ± 0.10 Ma) comes from a basanitic intrusion (K 43).
Ampè re Seamount
[25] A rounded beach cobble of hawaiitic composition (DS 797-1) from Ampère Seamount gives the oldest age (31.2 ± 0.2 Ma) of the samples dated in this study. This sample was dredged from the eastern part of the summit plateau of Ampère in 160 m water depth (see Table 1 ).
Discussion
Geochronological Evolution of Madeira and the Desertas Islands
[26] Considering the new 40 Ar/ 39 Ar age determinations and field observations, the old stratigraphic division based on the lithological mapping by Zbyszewski et al. [1973 Zbyszewski et al. [ , 1975 has to be partly revised. We propose the following evolution for Madeira.
5.1.1. Shield Stage (>4.6-0.7 Ma) 5.1.1.1. Early Madeira Rift Phase (>4.6-3.9 Ma)
[27] This volcanic phase includes the oldest subaerial exposed rocks of Madeira (basal unit). A concentration of volcanic vents and east-west oriented dike swarms in the center of the eastern half of the island suggest that volcanism during the early Madeira rift phase primarily originated from an E-W orientated rift system. The oldest radiometric ages (4.63 ± 0.10 Ma) from Madeira come from an east-west oriented tholeiitic dike swarm at Porto da Cruz. Rift zones are a common feature of oceanic volcanic islands [e.g., Carracedo, 1994] . In the ideal case, triple-armed rift zones with regular geometry at 120°to one another occur as a result of least effort fracturing produced by magma-induced vertical upward loading [Luongo et al., 1991] . As is the case with many Hawaiian volcanoes (e.g., Kilauea), a third rift zone on Madeira with an angle at about 120°to both other arms could probably not develop to the NE because of the buttressing effect of the large submarine cone of Porto Santo Island (Figure 2) . 5.1.1.2. Desertas Rift Phase (3.6-3.2 Ma)
[28] The subaerial part of the Desertas Ridge formed between 3.2 and 3.6 Ma, during which time Madeira was almost completely inactive. At the Paul da Serra profile in central Madeira, an unconformity marks this time interval (Figure 4) . In eastern Madeira north of Funchal, an unconformity also occurs separating the early and late Madeira rift phases. The lowermost flow of the late rift phase, just above the unconformity, was dated at 3.05 Ma [Watkins and Abdel-Monem, 1971] . No age data are available from rocks beneath the unconformity. A lava flow just above a prominent unconformity with the early Madeira rift phase (basal unit) in Curral das Freiras produced an age of 2.97 Ma [Mata et al., 1995] . The youngest age from below the unconformity is 3.91 ± 0.08 Ma (MA 227). These observations suggest that most of the magma supply shifted to the Desertas rift arm between 3.0 and 3.9 Ma. Although speculative, one possible cause for the shift in magma supply between 3.9 and 3.6 Ma to the Desertas rift arm may have been collapse of the NE sector of the Madeira Rift Arm (see Figure 2) . The bathymetry north of Porto da Cruz is very irregular at depths between 1000 and 2000 m, possibly reflecting the presence of landslide deposits. More detailed bathymetry, however, is necessary to test this hypothesis. A similar scenario has been proposed for the shift of volcanic activity on La Palma (Canary Islands) to the N-S oriented La Cumbre Vieja rift from the Taburiente shield volcano 700,000 years ago [Ancochea et al., 1994; Klügel et al., 2000] . At around 3 Ma, volcanism along the Desertas Rift arm ceased, possibly reflecting a shift in the magma supply further to the SW as a result of NE directed plate motion.
Late Madeira Rift Phase (3-0.7 Ma)
[29] Beginning at $3 Ma, volcanic activity shifted back to Madeira. As noted above, at Paul da Serra, Curral das Freiras and Ribeiro Frio, the oldest flows overlying major unconformities separating the early and late Madeira rift phase yielded ages between 2.8 and 3.0 Ma [Watkins and AbdelMonem, 1971; Mata et al., 1995;  this study]. Field observations and age dates from thick lava sequences that cover most of the island show that the late Madeira rift phase continued without a significant pause until 0.7 Ma. Although previously mapped as belonging to the basal unit (b1 of Zbyszewski et al. [1975] ), scoria cone complexes such as Pico Ruivo (2.6 Ma), the highest peak on Madeira, and those near the São Lourenço peninsula (1.6-1.9 Ma [Mata et al., 1995] ) yield ages within the range for the late rift stage. These eruption centers are located along the axis of the late Madeira rift and are cut by dense dike swarms oriented in the E-W direction. Four of these dikes near Pico Ruivo yield ages between 1-1.8 Ma [Féraud et al., 1981] , showing that they are contemporaneous with the thick lava sequences dipping gently to the north and south and thus probably represent feeder dikes for the late Madeira rift phase lava sequences. 
Eruption Rates
[31] Estimating the subaerial volume of Madeira ($430 km 3 ) and the Desertas Islands ($7 km 3 ) and considering the oldest available radiometric age (4.63 Ma), an average magma eruption rate of $95 km 3 /Ma can be calculated for the subearial part of the shield stage. Upon closer examination of eruption rates for the different units, distinct differences become apparent. Whereas the early Madeira rift phase shows relatively high rates of 150 km 3 / Ma, magma eruption decreased during the Desertas rift phase to 20 km3/Ma and increased again to 100 km 3 /Ma during the late Madeira rift phase. Although erosion may have removed a considerable volume from the Desertas, it is unlikely that eruption rates during the subaerial Desertas rift phase approached those of the Madeira rift phases. As has been suggested to explain the shift of activity to the Desertas Rift, the decrease in eruption rates between $3.0 and 3.9 Ma could also result from blocking of the magma plumbing system due to sector collapse. This may have caused an increase in intrusion relative to extrusion during the Desertas rift phase. The eruption rate during the posterosional stage of $2 km 3 /Ma is negligible.
[32] The hotspots with the lowest estimated eruption rates occur in the Atlantic Ocean. These include St. Helena (24 km 3 /Ma), Bouvet (40 km 3 / Ma), Cape Verdes (40 km 3 /Ma), Ascension (60 km 3 /Ma), and Gough (110 km 3 /Ma) [Gerlach, 1990; see also Crisp, 1984; Bohrson et al., 1996] . The eruption rates reported for these islands fall within the range determined for Madeira: 20-150 km 3 /Ma. It should be noted, however, that it is difficult to directly compare eruption rates for individual islands, since these estimates are often averages for the entire island and often it has not been determined which evolutionary stage(s) the island was in during its subaerial history. Eruption rates for Madeira, on the other hand, are considerably lower than those estimated for the Canary Islands (e.g., 2000-10,000 km 3 /Ma for the subaerial Miocene shield stage and up to 500 km 3 /Ma for the posterosional stage on Gran Canaria [Bogaard et al., 1988; Hoernle and Schmincke, 1993a; Schmincke and Sumita, 1998 ]). Madeira also shows low (subaerial) eruption rates when compared to ocean islands in the Indian and Pacific Oceans, for example, Reunion (2400 km 3 /Ma) or Mangaia (100-1000 km 3 /Ma) [Gerlach, 1990] .
[33] The submarine base of the Madeira/Desertas group makes up $98% of the volcanic complex, having a volume of $26,800 km 3 . The submarine volumes were estimated on the basis of the break in the bathymetry between the volcanic edifice and the gentle seafloor. Calculating an eruption rate for the submarine base is difficult owing to lack of age data and speculative assessment of the intrusive to extrusive ratio. We realize that the volume at the edifice hidden in the clastic apron may be 2-3 times more than the estimate based on the bathymetry alone, as seen, e.g., for Gran Canaria [Schmincke and Sumita, 1998 ]. Assuming that the Madeira/Desertas complex began forming $9.5 Myr ago (an age intermediate between the oldest ages obtained from Madeira and Porto Santo), the average rate of growth during the submarine stage was $5500 km 3 /Ma or $36 times as high as during the early subaerial rift stage on Madeira. However, in comparison to other ocean island volcanoes, Madeira has a relatively low average submarine growth rate. Production rates of >20,000 km 3 /Ma have been estimated for the nearby Canary Islands [Schmincke and Sumita, 1998 ]. [34] The 40 Ar/ 39 Ar age data (samples K 49 and K 46) from the trachytic to basaltic submarine sequence in the northeast are in good agreement with paleontological data from intercalated shallow water limestones [Cachao et al., 1998 ]. Both types of data yield an age of $14 Ma for the end of the seamount stage in NE Porto Santo. An alkali basaltic lava flow (K 55) overlying pillow basalts but underlying a conglomerate consisting of beach (1) cessation of magma supply, (2) erosion, and (3) cooling and subsidence of the underlying lithosphere [e.g., Werner et al., 1999] . The E -W elongated shape of the Ampère/Coral Patch structure may be related to old fracture zones in the oceanic crust which were used by the rising magma.
Geochronological Evolution of Porto
The Madeira Hotspot Track
[36] Considering the assumed NE directed African plate motion [e.g., Duncan, 1981; Morgan, 1983] and the available geochemical (J. Geldmacher and K. Hoernle, manuscript in preparation, 2000) , age, and bathymetric data for the entire region, a specific Madeira hotspot track can be proposed (Figure 1) [Féraud et al., 1982 [Féraud et al., , 1986 ) further shows that they are significantly younger than the underlying early Cretaceous oceanic lithosphere. For these reasons, we believe that the alkaline top of Ormond Seamount could be part of the Madeira hotspot track.
[37] As the distance from Madeira/Desertas (0 to >4.6 Ma) increases, the age of volcanic and plutonic rocks becomes systematically older: Porto Santo (11-14.3 Ma), Ampère (31 Ma), Ormonde (65-67 Ma). A small seamount off the SW coast of Madeira (Figure 2) extending from $4000 m water depths up to 500 m below sea level is assumed to mark the present center/surface expression of the Madeira hotspot.
[38] In order to determine the rate of plate motion for the underlying plate from a hotspot track, the oldest ages from each volcano are generally used, assuming that they are similar to the ages of the main stage of volcanism when the volcano lay over the center of the hotspot. We note, however, that on a slow plate, such as the NW part of the African Plate, there may be several million years difference in the oldest age obtained from samples on the top and on the flanks of an island/seamount and the main growth stage, resulting in larger errors for the plate motion. On Madeira, for example, fossils from reef debris of ''Vindobonian'' age, which corresponds to an age between 5.2 and 6 Ma [Carvalho and Brandão, 1991; Schmincke, 1998 ], occur in uplifted parts of the submarine base of the island.
[39] As illustrated in Figure 9 , age relationship of the volcanoes (using the oldest available radiometric ages from each volcano) against distance from Madeira shows a linear correlation. The slope of the correlation line yields a calculated absolute plate velocity of 1.2 cm/yr above the Madeira hotspot (with the condition that the hotspot is fixed in respect to the overriding plate). From Seine Seamount, located midway between Porto Santo and Ampère Seamount, no age data are available, but regarding the position on the correlation line in Figure 9 an age of 25-30 Ma is predicted.
[40] The Madeira hotspot track can be traced beyond Ormonde Seamount to the other side of the Azores-Gibraltar fracture zone as proposed by Morgan [1983] . Taking right lateral strike-slip motion between 60 and 72 Ma along the AzoresGibraltar fracture zone into consideration [Purdy, 1975] , the 70-72 Myr old [McIntyre and Berger, 1982] alkaline Serra de Monchique complex in southern Portugal could represent the continuation of the Madeira hotspot track on the Eurasian plate (Figure 1) . The lateral distance between Ormonde Seamount and Serra de Monchique of $270 km agree well with the $200 km wide offset of the magnetic anomalies 31-34 across the Azores-Gibraltar fracture zone [Cande and Kristoffersen, 1977] . The close relationship is also supported by the proposed geochemical similarities between the [41] On the basis of the curvature of the proposed Madeira hotspot track, the rotation pole for the African Plate has been modeled by calculating the intersections of big circles placed orthogonal to the track ( Figure 10 ). Assuming an ideal case, the centers of Madeira (32°45 (Figure 10 ), using the South Atlantic hotspot tracks. Pollitz [1991] propose a change in the location of the pole at $6 Ma to a position at 18.5°N/15.8°W, and therefore only the rotation polefor the 6-30 Ma time interval is shown. The 6-30 Ma pole does not fit the proposed Madeira hotspot track and also cannot explain the spatial distribution of the Canary Islands. The postulated pole change at 6 Ma is not evident in the Madeira hotspot system because it would require a shift in the volcanic age progression to the east (which would probably have resulted in reactivation of Porto Santo volcano).
[42] On the basis of the position of islands and seamounts an angular velocity of 0.47°/Ma can be calculated, which converts into an absolute plate motion of 1.2 ± 0.7 cm/yr above the Madeira hotspot. The large error range results from (1) the short overall length of the Madeira hotspot track due to the proximity to the rotation pole and (2) uncertainty in integrating over a long time period in which possible variations in plate velocity or pole position are averaged. For example, O'Conner et al. [1999] proposed a decrease in African Plate velocity since 19-30 Ma. The Madeira hotspot track differs from most other hotspot tracks in two important ways: (1) The track is irregularly distributed (e.g., elongated alignment of Ampère and Coral Patch Seamounts (EW) and possibly Seine and Unicorn (N -S)). (2) There are large and varying distances between individual volcanic complexes. Both of these features, in addition to the very low eruption/production rates, could be explained by a weak, pulsating or blob-type plume, as has been proposed for the Canary Islands [Hoernle and Schmincke, 1993b] . Assuming that mantle upwelling is in the form of discrete spherical blobs, as has been observed in numerical models for plume initiation [e.g., Keken, 1997] , their ascent rate will be proportional to the square of the radius of the blob (Stokes' law). This means that small blobs rise very slowly and are more susceptible to displacement during ascent owing to the more horizontal asthenospheric mantle flow than larger ones, which have a higher ascent rate, resulting in irregularly distributed volcanoes at the surface. The large age differences and distances between large volcanoes and volcanic complexes along the hotspot track suggest that intervals of up to 10-25 Ma may separate individual pulses (or blobs) of upwelling plume mantle. [43] The elongation of the Madeira-Tore Rise (Figure 1) does not point to Madeira but rather to the west of Madeira. On the basis of gravimetric data it has been proposed that the Madeira-Tore Rise was formed at the Mid-Atlantic Ridge [Peirce and Barton, 1991] . However, samples from the top of Josephine Seamount, at the NE end of the MadeiraTore Rise, have alkali basaltic compositions and Miocene ages [Eckhardt et al., 1975; Wendt et al., 1976; Matveyenkov et al., 1994] . This could be explained by production of minor volcanism associated with the movement along the Azores-Gibraltar fracture zone. Wendt et al. [1976] note the coincidence of eruption age and intensive convergence tectonics and uplift along this boundary. Alternatively, the Madeira-Tore Rise could be interpreted as a separate hotspot track, formed by a separate small hotspot north or west of Madeira (see Figure 10 ). This would be consistent with the available geochemical data from Josephine Seamount. Additional age and geochemical data from seamounts forming the Madeira-Tore Rise, however, are necessary to test this hypothesis.
[44] Using the calculated Euler Pole for the proposed Madeira hotspot track, the Selvagen Islands and the seamounts southeast of Madeira and northeast of the Canary Islands could belong to the earlier part of the nearby Canary Island hotspot track ( Figure 10 ). This has also been proposed on the basis of geophysical [Holik and Rabinowitz, 1991] , geochemical, and geochronological (J. Geldmacher et al., manuscript in preparation, 2000) studies. If these seamounts and the Selvagen and Canary Islands result from a single hotspot, this plume must be considerably wider ($400 km) than the proposed Madeira or possible MadeiraTore Rise plumes ($150-200 km).
Conclusions
[45] Madeira and the Desertas Islands form a single volcanic system consisting of the E-W oriented Madeira rift arm and the NNW-SSE Desertas rift arm. The two rift arms join at the eastern end of Madeira and northern end of the 60 km long, primarily submarine Desertas Ridge at an angle of 110°. The subaerial evolution of the Madeira/ Desertas volcanic system can be divided into a voluminous (99.5% of the subaerial volume) shield stage (>4.6-0.7 Ma) and a low-volume (0.5%) posterosional stage (<0.7 Ma). During the shield stage, volcanism occurred on Madeira almost exclusively from 3.9 to 4.6 Ma (early Madeira rift phase) and from 0.7 to 3.0 Ma (late Madeira rift phase). The Desertas Islands formed in a short interval between 3.2 and 3.6 Ma, during which time the Madeira Rift was almost completely inactive, possibly reflecting blockage of the central and western parts of the Madeira rift arm due to collapse of the NE sector of the Madeira Rift. Minor posterosional volcanism continued into the Holocene with the last eruption on Madeira occurring 6000-7000 years B.P. Average growth rates for the submarine (5500 km 3 /Ma) and subaerial (100-150 km 3 /Ma) shield stages on Madeira are among the lowest found for ocean island volcanoes.
[46] A shallow seamount SW of Madeira probably marks the present location of the >70 Myr old Madeira hotspot track, which includes the Madeira/ Desertas volcanic system (0-4.6 Ma), Porto Santo Island (11.1-14.3 Ma), Seine, possibly Unicorn, Ampère (31 Ma), Coral Patch, and Ormonde (65-67 Ma) Seamounts, and the Serra de Monchique intrusive complex (70-72 Ma) in southern Portugal. On the basis of the proposed Madeira hotspot track, we calculate a rotation pole at 43°36 0 N/ 24°33 0 W and an angular velocity of 0.47°/Ma for the African Plate with a plate motion above the Madeira hotspot of 1.2 cm/yr, which agrees well with the pole of rotation for the African Plate calculated by Duncan [1981] using the South Atlantic hotspot tracks. The large and varible age gaps between individual volcanoes in the Madeira hotspot track, in addition to the very low magmatic productivity, can best be explained by a very weak hotspot, which is only intermittently active. 
